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Abstract 

The  adhesion  between  two  adjacent  layers  in  a  solid  oxide  fuel  cell  (SOFC)  is  critically  important  to  ensure  the  desired  performance.  However, 
measuring  the  interface  adhesion  is  very  difficult  because  most  layers  in  an  SOFC  are  brittle  and/or  porous.  This  paper  introduces  a  simple  technique 
for  the  quantitative  measurement  of  interface  adhesion  of  SOFCs.  A  hard,  spherically  tipped  indenter  is  driven  through  the  top  layer(s)  and  into 
the  underlying  substrate  of  a  plate  SOFC  specimen.  Extensive  plastic  deformation  of  the  substrate  causes  an  interface  annular  crack.  The  interface 
adhesion  is  then  calculated  from  the  radius  of  the  annular  crack.  The  indentation  method  should  be  suitable  for  the  adhesion  measurement  of  any 
SOFC  with  a  porous  support.  A  measurement  procedure  and  the  related  calculation  equations  for  determining  the  interface  adhesion  are  presented 
in  this  paper.  The  interface  adhesion  of  a  cermet- supported  SOFC  with  a  doped  ceria  electrolyte  for  operation  at  400-600  °C  was  measured  to 
demonstrate  the  use  of  the  indentation  method.  The  measurement  indicated  that  the  cermet- supported  SOFC  had  sufficient  interface  adhesion. 

©  2006  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

A  solid  oxide  fuel  cell  (SOFC)  is  a  device  that  converts 
the  chemical  energy  of  fuels  electrochemically  to  electricity. 
It  is  essentially  a  ceramic  device  consisting  of  a  dense  elec¬ 
trolyte  sandwiched  between  a  porous  fuel  electrode  (anode)  and 
a  porous  air  electrode  (cathode).  SOFCs  can  be  divided  into 
anode- supported,  electrolyte- supported,  cathode-supported  and 
substrate- supported  [1].  In  the  latter,  the  substrate  can  be  either 
a  porous  metal  or  a  porous  cermet  [2,3]. 

To  ensure  adequate  performance,  three  requirements  are  nec¬ 
essary  for  adjacent  layers  in  an  SOFC:  sufficient  adhesion, 
well-adjusted  chemical  compatibility  and  well-matched  thermal 
expansion  behavior.  Although  it  is  of  practical  importance  to 
measure  the  interface  adhesion  of  an  SOFC,  no  standard  method 
for  such  measurement  is  available.  SOFC  researchers  can  only 
use  inaccurate  methods  to  estimate  the  adhesion  between  two 
adjacent  layers.  For  example,  a  scalpel  was  used  to  assess 
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anode-electrolyte  adhesion  by  gently  scratching  the  anode  layer. 
Then,  adhesion  was  determined  to  be  sufficient  when  the  layer 
remained  attached  to  the  electrolyte  after  the  scratch  [4] . 

Several  methods  exist  for  measuring  the  adhesion  of  a 
ceramic  coating  to  the  underlying  substrate.  In  the  pull-off 
method  [5],  the  most  widely  used,  a  loading  bar  is  bonded  to  the 
top  surface  of  a  coating  with  an  adhesive  bonding  agent.  Then 
a  force  normal  to  the  coating-substrate  interface  is  applied  to 
determine  the  critical  force  for  coating  detachment.  However,  it 
may  be  challenging  to  apply  this  method  to  SOFCs  because  (1) 
it  is  difficult  to  prevent  the  penetration  of  the  adhesive  bonding 
agent  from  porous  electrode  layer  into  the  interface  of  which 
the  adhesion  strength  should  be  measured,  and  (2)  the  interface 
adhesion  strength  that  can  be  measured  by  this  method  is  limited 
by  the  adhesion  strength  of  the  bonding  agent,  which  is  usually 
less  than  80  MPa  [e.g.  6],  a  value  lower  than  that  of  many  inter¬ 
faces  in  SOFCs. 

The  four-point  bending  method  measures  interface  toughness 
by  pre-cracking  a  coated  beam  specimen  and  then  monitor¬ 
ing  the  onset  of  delamination  with  increasing  bending  load  [7] . 
Measuring  the  interface  toughness  via  this  method,  however,  is 
restricted  to  coating-substrate  combinations,  wherein  the  frac- 
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ture  toughness  of  the  coating  is  relatively  high  to  prevent  the 
coating  from  vertical  cracking.  Vertical  cracking,  and  thus  seg¬ 
mentation,  decreases  the  stored  elastic  energy  in  the  coating 
and  makes  the  accurate  measurement  of  the  interface  fracture 
energy  impossible.  By  bonding  an  additional  metallic  stiffen¬ 
ing  layer  to  the  top  surface  of  a  coating,  the  four-point  bending 
method  was  modified  to  measure  the  interface  adhesion  of  thin, 
brittle  layers  tending  to  separate  by  vertical  cracks  [8].  How¬ 
ever,  as  in  the  pull-off  method,  the  modified  four-point  bending 
method  is  not  applicable  to  SOFCs  due  to  the  likely  penetration 
of  the  bonding  agent  into  the  interface  from  the  porous  electrode 
layer. 

In  the  scratch  adhesion  test,  a  popular  method  for  assessing 
the  adhesion  of  a  thin  coating  to  a  relatively  soft  substrate,  a 
spherically  tipped  diamond  indenter  is  drawn  along  the  coated 
surface.  The  normal  load  applied  to  the  indenter  is  increased 
continuously  or  stepwise  until  a  critical  load  is  reached.  At  the 
critical  normal  load,  the  radial  compressive  stress  over  a  cer¬ 
tain  area  ahead  of  the  indenter  exceeds  the  critical  value  needed 
to  drive  the  delamination  of  the  coating  [9].  This  critical  nor¬ 
mal  load  is  usually  measured  by  using  an  acoustic  emission 
detector  to  detect  the  elastic  energy  released  from  the  interface 
fracture.  The  measured  critical  load  is  then  taken  as  a  semi- 
quantitative  measure  of  the  coating-substrate  adhesion  because 
there  is  no  mathematic  equation  available  to  correlate  the  crit¬ 
ical  normal  load  to  the  interface  adhesion.  When  applying  the 
scratch  adhesion  test  to  brittle  substrate-brittle  coating  systems, 
such  as  many  SOFCs,  a  load  sufficiently  high  to  cause  coat¬ 
ing  delamination  is  very  likely  to  cause  substrate  cracking  too. 
The  substrate  cracking  results  in  specimen  rupture,  or,  causes  an 
additional  acoustic  emission  signal.  This  additional  signal  makes 
it  difficult  to  distinguish  the  signal  from  the  coating  delami¬ 
nation;  thus,  the  critical  load  for  the  coating  delamination  is 
difficult  to  be  measured  in  such  a  brittle  substrate-brittle  coating 
system. 

In  the  indentation  method,  the  simplest  one,  coating  delam¬ 
ination  is  obtained  by  penetration  of  the  coating  with  a  rigid 
indenter.  The  indenter  induces  a  compressive  radial  stress  in  the 
coating.  This  compressive  stress  provides  the  driving  force  for 
coating  delamination.  In  some  tests,  the  indenter  only  induces 
significant  plastic  deformation  in  the  coating  [e.g.  10],  while  in 
others  it  produces  significant  plastic  deformation  in  the  substrate 
as  well  [e.g.  1 1].  The  former  test  is  only  suitable  for  measuring 
coatings  with  poor  adhesion  strength. 

In  the  indentation  method  involving  significant  plastic  defor¬ 
mation  in  the  substrate,  a  hard  indenter,  either  an  axisymmetric 
indenter  [11]  or  a  wedge  indenter  [12],  penetrates  through  a 
coating  and  into  the  underlying  substrate  to  cause  coating  delam¬ 
ination.  As  schematically  illustrated  in  Fig.  1,  when  a  hard, 
axisymmetric  indenter  is  forced  through  a  coating  and  into  the 
underlying  substrate,  severe  plastic  deformation  of  the  substrate 
takes  place  to  accommodate  the  indenter.  The  severe  plastic 
deformation  forces  the  coating  to  be  displaced  radially,  thus, 
induces  a  compressive  radial  stress  in  the  coating  that  decreases 
with  increasing  distance  from  the  indent.  The  indenter  creates  a 
free  edge  in  the  coating  at  the  radius  r  =  a  where  the  inden¬ 
ter  contacts  the  coating.  From  this  edge,  where  the  coating 


experiences  the  highest  induced  stresses,  an  interface  annular 
crack  between  the  coating  and  the  substrate  is  initiated  when 
the  indentation-induced  stresses  are  sufficiently  high.  Then,  at 
a  higher  indentation  load,  the  interface  crack  spreads  outward 
radially  to  release  the  elastic  strain  energy  stored  in  the  coating 
until  the  point  r  =  R  where  the  energy  release  rate  available  to 
drive  the  interface  cracking  drops  below  the  interface  adhesion. 

The  indentation  testing  involving  significant  plastic  deforma¬ 
tion  in  the  substrate  has  been  successfully  used  for  quantitatively 
measuring  the  adhesion  of  a  brittle  coating  on  a  ductile  substrate 
[11-13].  However,  this  method  has  not  been  used  for  measuring 
the  adhesion  of  a  coating  on  a  brittle  substrate  because  a  brit¬ 
tle  substrate  tends  to  rupture  in  the  testing  where  a  high  load 
has  to  be  applied  to  cause  significant  plastic  deformation  in  the 
substrate.  When  a  hard  and  sharp  indenter  indents  a  brittle  spec¬ 
imen  at  a  high  load,  propagating  macro  cracking  is  very  likely 
to  develop  in  the  specimen.  However,  if  the  hard  indenter  has  a 
blunt  tip  and  the  indented  specimen  is  porous  or  heterogeneous 
(even  if  the  specimen  is  made  of  a  brittle  material  such  as  a 
ceramic),  propagating  macro  cracking  cannot  develop  because 
the  stresses  induced  by  a  blunt  indenter  are  not  very  intense  and 
the  porous  or  heterogeneous  microstructure  deflects  the  propa¬ 
gation  of  any  macro  cracks.  This  behavior  allows  quasi-plastic 
deformation  to  occur  in  the  specimen  [14] .  Because  most  SOFCs 
are  supported  by  porous  structure  components,  the  indentation 
method  using  a  hard,  spherical  tipped  indenter  should  be  appli¬ 
cable  to  the  measurement  of  the  adhesion  between  two  adjacent 
layers  in  these  SOFCs.  The  purpose  of  this  paper,  therefore,  is 
to  demonstrate  that,  using  a  measurement  procedure  developed 
by  the  authors,  the  interface  adhesion  of  an  SOFC  which  has  a 
porous  support  can  be  measured  by  the  indentation  method. 

2.  Theoretical  solutions 

As  shown  in  Fig.  1,  in  the  indentation  made  by  an  axisym¬ 
metric  indenter,  the  indentation-induced  interface  annular  crack 
spreads  outward  radially  to  the  point  r  =  R.  Using  appropriate 
equations  of  fracture  mechanics,  the  interface  adhesion  can  be 
calculated  from  the  indent  radius  a ,  the  radius  of  interface  crack 
R ,  the  coating  thickness  and  the  mechanical  properties  of  the 
coating  and  the  substrate. 


Fig.  1.  Schematic  of  delamination  induced  by  an  axisymmetric  indentation. 
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During  the  indentation,  the  indentation-induced  interface 
crack  spreads  outward  radially  to  release  the  elastic  strain  energy 
stored  in  the  coating.  The  energy  release  rate  G  at  the  crack  front, 
which  has  a  radius  r  =  R,  is  given  by  [1 1] 


(1  -  vfh 

2  Ec 


av(R~)f 


where  vc,  Ec  and  h  are  the  Poisson’s  ratio,  Young’s  modulus 
and  thickness  of  the  coating,  and  crY(R)  and  crY(R~)  are,  respec¬ 
tively,  the  radial  stress  components  of  the  coating  just  outside 
the  crack  front  (un-delaminated  edge)  and  just  inside  the  crack 
front  (delaminated  edge)  of  the  annular  plate.  The  value  of 
<jv{R)  —  crY(R~),  the  jump  in  radial  stress  component  of  the  coat¬ 
ing,  is  the  driven  force  for  the  interface  cracking. 

Since  the  elastic  strain  energy  released  from  the  coating  is 
consumed  by  debonding  the  coating,  the  interface  toughness 
rc,  which  is  a  measure  of  the  interface  adhesion,  is  thus  equal 
to  the  energy  release  rate  value  by 

rc  =  G=  [aT(R)  -  aT(R-)]  (2) 

2EC 

The  radial  stress  component  at  the  un-delaminated  edge, 
crr(R),  is  given  by  the  generalized  Hook’s  law 


aY(R)  =  J^[sy(R)  +  vse(R)]  (3) 

1  -  vz 

where  £r  and  £q  are  the  radial  and  circumferential  surface  strains 
which  are  the  sums  of  the  indentation-induced  radial  and  circum¬ 
ferential  stains,  £{Y  and  8$,  and  the  initial  residual  strain  in  the 
coating  £q  by  the  equations 


£r  —  £ir  +  £0 


and 


where  oq  is  the  circumferential  stress  which  is  given  by  the 
generalized  Hook’s  law 

cre(R)  =  (*)]  (9) 

1  -  vc 

and  c Yc  is  approximately  equal  to  1/3  of  the  coating  hardness,  a 
well  proven  relationship  valid  for  majority  of  engineering  mate¬ 
rials  including  ceramics  [15]. 

Therefore,  the  calculation  of  the  interface  toughness  requires 
the  determination  of  the  indentation-induced  radial  and  circum¬ 
ferential  stains  in  the  coating,  £ir  and  £$.  For  coatings  that  are 
very  thin  compared  to  the  depth  of  the  plastic  zone  induced  by 
the  indentation,  the  coating  has  little  effect  on  the  deformation 
of  the  substrate  and  it  is  forced  to  displace  with  the  surface 
of  the  substrate,  assuming  it  remains  attached.  Thus,  when  the 
depth  of  the  indentation-induced  plastic  zone  is  much  greater 
than  the  coating  thickness,  the  essential  information  needed  for 
determining  the  indentation-induced  radial  and  circumferential 
stains  in  the  coating  is  the  radial  and  circumferential  stains  of 
the  substrate  surface  under  the  indentation. 

Calculating  the  radial  and  circumferential  strains  of  the  sub¬ 
strate  surface  is  rather  complicated.  However,  we  can  make  use 
of  the  hemi-spherical  cavity  model  of  elastic-plastic  indentation 
[16]  to  estimate  the  radial  and  circumferential  stains  of  the  sub¬ 
strate  with  adequate  accuracy.  In  the  model,  the  contact  surface 
of  the  indenter  is  encased  in  a  hemi-spherical  ‘core’  of  radius 
a  (Fig.  1).  Within  the  core  there  is  assumed  to  be  a  hydrostatic 
component  of  stress  p.  Outside  the  core  it  is  assumed  that  the 
stresses  and  displacements  have  radial  symmetry  and  are  the 
same  as  in  an  infinite  elastic,  perfectly-plastic  body  which  con¬ 
tains  a  spherical  cavity  under  a  pressure  p.  The  elastic-plastic 
boundary  lies  at  a  radius  c  as  shown  in  Fig.  1. 

The  location  of  the  plastic-elastic  boundary,  c,  is  given  by 
[16] 


—  £\ 0  +  £0 


£0  is  determined  by  the  initial  residual  stress  of  the  coating,  cro, 
by  the  equation 


£0 


The  radial  stress  component  at  the  delaminated  edge,  gy{R~), 
depends  on  the  delamination  mode  of  the  coating.  In  the  delam¬ 
ination  mode  schematically  shown  in  Fig.  1  where  a  substantial 
annular  portion  of  the  delaminated  coating  remains  without 
buckling  as  the  crack  advances,  gy(R~)  is  given  by  [11] 


c  =  a 


£*  tan  /3/ctys  +  4(1 
6(1  -  vs) 


(10a) 


where  /3  is  the  angle  of  the  indenter  at  the  edge  of  the  contact 
(Fig.  1),  o' Ys  is  the  yield  stress  of  the  substrate  (approximately 
equal  to  1/3  of  the  substrate  hardness),  vs  is  the  Poisson’s  ratio 
of  the  substrate,  and  E  is  the  contact  elastic  modulus,  defined 
as 


1  1  —  1  —  vf 

—  —  - - 

E*  Es  E{ 


(11) 


/D_,  Ecse{R)[\-{a/R)2] 

Gy{R  )  = - y-  (7) 

[(l-vc)  +  (l+vc)(a/fl)2] 

where  negative  denotes  compressive. 

According  to  Tresca’s  yield  criterion,  the  maximum  values 
of  the  stresses  of  the  coating,  oY  and  gq,  are  limited  by  the  yield 
stress  of  the  coating,  ctyc,  by 


(8) 


where  E  and  v  are  Young’s  modulus  and  Poisson’s  ratio  of  the 
substrate  and  the  indenter  which  have  subscripts  s  and  i. 

When  the  indenter  is  a  sphere,  /3  is  a  small  angle  and,  thus, 
tan  ~  sin  >0  =  a/Rm&,  where  R[n(\  is  the  radius  of  the  spherical 
indenter,  and  Eq.  (10a)  becomes 


c  =  a 


E*a/(cr Ys^ind)  +  4(1  -  2vs) 

6(1  -  vs) 


1/3 


<7Yc  —  |<7r  O 0 


(10b) 
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According  to  our  early  study  which  has  been  published  else¬ 
where  [17],  the  radial  surface  strain  is  given  by 


Sir(R) 


2vs)  In 


c 

R 


2 

+  “(1  +  vs) 


(12) 


when  the  crack  front  is  at  the  plastic  zone  ( a<R<c ),  and 

eir(*)  =  -3  ^(1+Vs)b)  (13) 

when  the  crack  front  is  at  the  elastic  zone  (c  <  R). 

No  matter  the  crack  front  is  at  the  plastic  zone  or  at  the  elastic 
zone,  the  circumferential  surface  strain  is  tensile  and  is  given  by 
[17] 

CTYs  /C\3 

=  5p(1  +  *>(*)  <u> 

Therefore,  after  knowing  the  Young’s  modulus,  Poisson’s 
ratio  and  hardness  value  of  each  layer  of  the  indented  specimen, 
the  thickness  and  residual  stress  of  the  delaminated  coating(s), 
and  after  measuring  the  indent  radius  and  the  radius  of  the 
indentation-induced  interface  annular  crack,  the  interface  tough¬ 
ness  can  be  calculated  using  Eqs.  (2)-(14). 

The  analysis  assumes  the  interface  toughness  is  governed 
by  the  strain  energy  release  rate  at  the  site  coincident  with  the 
delamination  front.  With  the  premise  that  the  surface  strain  in  the 
substrate  is  transmitted  to  the  coating  as  a  uniform  compression 
(independent  of  vertical  location  in  the  coating),  the  interface 
toughness  can  be  calculated  for  any  multi-layer  coating.  The 
result  for  a  multi-layer  coating  can  be  derived  and  reduced  to 
the  single-layer  solution  by  represent  the  multi-layers  as  a  single¬ 
layer  with  an  average  Young’s  modulus  and  an  average  Poisson’s 
ratio. 


3.  Measurement  procedure 

We  have  developed  an  experimental  procedure  for  the  adhe¬ 
sion  measurement.  An  SOFC  with  a  porous  support  was  mea¬ 
sured  to  demonstrate  the  use  of  the  indentation  method. 


3.1.  Specimens 


SDC  electrolyte 


Fig.  2.  SEM  image  of  the  polished  cross-section  of  the  two-coating  specimen 
of  substrate/anode/electrolyte. 

cross- section  of  a  two-coating  specimen  of  substrate/anode/ 
electrolyte. 

3.2.  Preparation  of  specimens  for  indentation  testing 

Before  indentation  testing,  each  specimen  was  fixed  to  a  thick 
(>5  mm)  metal  plate  by  gluing  the  back  surface  of  the  NiO- 
YSZ  substrate  to  the  metal  plate  using  a  adhesive,  which  had 
an  excellent  adhesion  strength,  because  the  ceramic  specimens 
were  too  thin  to  withstand  high  load  indentation  without  break¬ 
ing.  In  addition  to  prevent  the  specimen  from  breaking  in  the 
indentation  testing,  by  using  a  metal  plate  with  a  Young’s  mod¬ 
ulus  and  a  Poisson’s  ratio  close  to  those  of  the  cermet  substrate, 
the  substrate  could  be  regarded  as  an  elastic-plastic  half- space; 
thus  the  indentation-induced  strains  could  be  calculated  using 
Eqs.  (10)-(14).  The  back  surface  of  the  NiO-YSZ  substrate  of 
each  specimen  was  firstly  ground  to  be  flat  and  smooth,  then,  the 
specimen  was  fixed  to  the  thick  metal  plate  by  a  cyanoacrylate- 
based  adhesive  (the  Gripper  Super  Glue,  Super  Glue  Inc., 
USA).  Only  a  thin  layer  of  the  glue  was  applied  to  ensure 
that  the  glue  could  not  penetrate  into  the  NiO-YSZ/NiO-SDC 
interface. 


Ceremet-supported  planar  SOFCs  with  doped  ceria  elec¬ 
trolytes  were  developed  at  the  author’s  group.  The  SOFCs 
had  excellent  powder  densities  in  the  operating  temperature 
range  of  400-600  °C  [3].  Specimens  were  cut  from  a  half¬ 
cell  of  the  cermet- supported  SOFCs.  The  half-cell  was  fab¬ 
ricated  using  a  conventional  wet-processing  technology.  The 
processing  route  of  the  specimens  was:  (1)  tape-casting  a 
0.8  mm  thick  NiO-YSZ  (8mol%  Y2O3  stabilized  Zr02)  cer¬ 
met  substrate,  (2)  screen-printing  a  15  pm  thick  NiO-SDC 
((SmOi.5)o.2(Ce02)o.8)  anode  layer  on  the  substrate,  (3)  screen¬ 
printing  a  15  pm  thick  SDC  electrolyte  on  the  top  of  the  anode 
layer,  (4)  sintering  the  multilayer  samples  at  1350  °C,  and  (5) 
ironing  the  sintered  specimen  at  1300  °C.  The  fabrication  details 
have  been  described  elsewhere  [3].  Some  of  the  specimens 
were  made  without  printing  the  SDC  electrolyte  layer  in  order 
to  obtain  one-coating  specimens.  Fig.  2  shows  the  polished 


3.3.  Indentation  testing 

Indentation  tests  were  made  using  a  Rockwell  C  indenter  (a 
spherically  tipped  conical  diamond  with  a  tip  radius  of  200  pm 
and  an  included  angle  of  120°)  and  a  commercial  scratch  tester 
(Revetest,  CSEM  Instruments  SA,  Switzerland)  after  disabling 
the  specimen  movement  of  the  tester.  Rockwell  C  indenter  is 
the  preferred  indenter  for  the  adhesion  measurement  because  it 
is  the  most  widely  used  axisymmetric  indenter  (Rockwell  hard¬ 
ness  testers  and  various  commercial  scratch  testers  are  equipped 
with  Rockwell  C  indenters)  thus  readily  available.  Nevertheless, 
any  hard,  spherically  tipped  indenters  (such  as  the  ceramic  balls 
used  in  Ref.  [14])  can  be  used  for  the  adhesion  measurement. 
To  ensure  an  indenter  does  not  deform  plastically  during  the 
indentation,  the  hardness  value  of  the  indenter  should  be  at  least 
1.5  times  higher  than  that  of  the  specimen.  The  geometry  and 
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(a)  (b) 


Fig.  3.  Top  views  of  indentation  delaminations  caused  by  Rockwell  C  indentaions  at  200  N.  (a)  NiO-SDC  coating  delaminated  from  NiO-YSZ  substrate  and  (b) 
SDC  and  NiO-SDC  coatings  delaminated  from  NiO-YSZ  substrate. 


elasticity  of  the  indenter  have  been  taken  into  account  in  Eq. 

(10). 

According  to  Section  2,  the  depth  of  the  indentation-induced 
plastic  zone  should  be  much  greater  than  the  coating  thickness 
so  that  Eqs.  (10)-(14)  could  be  used  for  the  determination  of  the 
radial  and  circumferential  strains  of  the  coating.  On  the  other 
hand,  the  depth  of  the  indentation-induced  plastic  zone  should 
be  constrained  within  the  cermet  substrate  (not  extending  into 
the  supporting  metal  plate  because  the  metal  plate  had  a  different 
plastic  property  from  that  of  the  cermet  substrate).  An  indenta¬ 
tion  load  of  200  N  was  used  in  the  experiment.  This  load  yielded 
a  depth  of  plastic  zone  of  0.288  mm  according  the  following  cal¬ 
culation.  In  each  indentation,  the  indentation  load  was  linearly 
increased  from  0  to  200  N  in  60  s. 

In  each  of  the  indentation  test,  coating  delamination  was 
generated  without  macrocrack  propagating  in  the  NiO-YSZ  sub¬ 
strate.  Fig.  3(a)  shows  a  typical  delamination  of  the  anode  layer 
from  the  substrate  caused  by  the  indentaion.  When  the  indenter 
was  forced  through  the  coating  and  into  the  underlying  substrate, 
coating  delamination  took  place  with  an  unbuckled  annular  plate 
of  coating  behind  the  advancing  interface  crack  front.  Simulta¬ 
neously,  tensile  hoop  stresses  developed  in  the  coating  surface 
as  the  coating  was  displaced  radially  during  the  indentation. 
The  tensile  hoop  stresses  caused  radial  cracks  in  the  brittle  coat¬ 
ing.  On  all  of  the  indented  specimens,  the  radial  cracks  were 
not  beyond  the  delamination  front.  Because  the  interface  tough¬ 
ness  is  governed  by  the  strain  energy  release  rate  at  the  site 
coincident  with  the  delamination  front,  the  radial  cracks  should 
not  have  an  effect  on  the  calculation  of  the  interface  toughness. 
When  the  indenter  was  withdrawn  from  the  coating  surface,  the 
elastic  component  of  the  indentation-induced  deformation  in  the 
coating-substrate  system  was  recovered.  Due  to  the  difference  in 
elasticity  between  the  coating  and  the  substrate,  there  was  a  mis¬ 
match  of  elastic  recovery  between  the  delaminated  coating  and 
the  underlying  substrate.  The  recovery  mismatch  then  caused  the 
buckling  of  the  delaminated  coating  and  possibly  partial  spalla¬ 
tion  of  the  delaminated  coating  from  the  substrate.  Because  of 
the  buckling  of  the  delaminated  coating,  the  delaminated  area 
could  be  measured  using  a  non-contacting,  three-dimensional 
surface  imaging  system  (WYKO  NT-2000,  Veeco  Instruments 
Inc.,  USA).  Fig.  4  shows  the  surface  profiles  of  the  indents 
made  on  a  bare  NiO-YSZ  specimen  and  on  a  one-coating  NiO- 


SDC/NiO-YSZ  specimen  (the  same  one  as  Fig.  3(a)).  According 
to  the  lift-up  profile  of  the  delaminated  coating  due  to  the  buck¬ 
ling,  the  diameter  of  the  delamination  area  was  measured. 

An  examination  of  the  indented  specimens  revealed  that,  in 
the  indentations  made  on  the  two-coating  specimens,  all  inter¬ 
face  delaminations  occurred  at  the  anode/substrate  interface. 
None  of  the  delaminations  was  at  the  electrolyte/anode  inter¬ 
faces.  This  indicates  that  the  electrolyte/anode  interface  had 
better  adhesion  than  that  of  the  anode/substrate  interface.  Com¬ 
pared  with  the  single  anode  layer  in  the  one-coating  specimen, 
the  electrolyte  and  the  anode  layers  in  the  two-coating  speci¬ 
men  had  a  higher  mechanical  strength  (dense  SDC  is  stronger 
than  porous  NiO-SDC)  and  was  thicker.  As  a  result,  both  the 
radial  tensile  cracking  and  the  recovery  bucking/spallation  were 
less  pronounced  on  the  two-coating  specimens,  as  shown  in 
Fig.  3(b).  In  addition,  the  variation  of  the  measured  diameter 
of  the  delamination  area  at  different  circumferential  positions 
on  a  two-coating  specimen  was  much  higher  than  that  on  a 
one-coating  specimen.  The  ratio  of  the  variation  to  the  average 
diameter  of  a  delamination  area  was  about  80%  on  a  two-coating 
specimen  and  about  30%  on  a  one-coating  specimen.  Because 
the  calculated  interface  toughness  value  is  very  sensitive  to  the 
measured  radius  of  the  indentation-induced  annular  crack,  only 
the  indentations  made  on  the  one-coating  specimens  were  used 
to  calculate  the  interface  toughness.  In  this  experiment,  three 
one-coating  specimens  were  used  and  three  indentations  were 
made  on  each  specimen.  Table  1  lists  the  measured  values  of  the 
indent  diameters  and  the  diameters  of  delamination  areas.  The 
average  radius  of  the  delamination  area  from  the  nine  inden¬ 
tations  was  used  for  calculating  the  interface  toughness.  The 
diameter  of  each  indent,  which  was  around  228  pan,  was  mea¬ 
sured  using  an  optical  microscope. 

3.4.  Measurement  of  mechanical  properties 

The  calculation  of  the  interface  toughness  using  Eqs.  (2)-(14) 
requires  using  Young’s  modulus,  Poisson’s  ratio  and  the  hard¬ 
ness  value  of  every  layer  in  a  specimen.  Poisson’s  ratio  of  0.3  was 
used  for  all  the  NiO-YSZ,  NiO-SDC  and  SDC  layers  according 
to  the  measurements  made  on  similar  materials  [18].  Young’s 
moduli  and  hardness  values  of  the  three  layers  were  measured 
on  polished  surfaces  of  the  layers  parallel  to  the  interfaces  by 
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Fig.  4.  Profiles  of  indents  made  on  (a)  uncoated  NiO-YSZ  and  (b)  one-coating  specimen  of  NiO-SDC  on  NiO-YSZ  substrate. 


depth- sensing  indentation  using  a  Berkovich  diamond  indenter 
at  a  load  of  100  mN  (for  Young’s  modulus)  and  by  micro  inden¬ 
tation  using  a  Vickers  diamond  indenter  at  a  load  of  2.94  N  (for 
hardness).  The  measured  values  are  listed  in  Table  2. 

3.5.  Measurement  of  residual  stress 

Because  of  the  differences  in  thermal  expansion  coefficients 
between  the  substrate,  the  anode  and  the  electrolyte  layers,  the 


Table  2 


Measured  Young’s  modulus,  hardness  and  residual  stress 


Layer 

Material 

Young’s  modulus, 

E  (GPa) 

Hardness, 

H  (GPa) 

Residual  stress, 
do  (MPa) 

Electrolyte 

SDC 

208 

9.1 

+8a 

Anode 

NiO-SDC 

168 

4.1 

+74a 

Substrate 

NiO-YSZ 

147 

3.7 

a  Positive  denotes  tensile. 


Table  1 

Measured  indent  diameters  and  diameters  of  delamination  areas 


Specimen 

Indentation 

Diameter  of  indent  2 a  (pm) 

Diameter  of  delamination  area  2 R  (pm) 

Measured  at  Y-direction  Measured  at  F-direction  Average 

1 

934 

688 

811 

1 

2 

799 

636 

718 

3 

816 

636 

726 

1 

904 

786 

845 

2 

2 

-228 

849 

895 

872 

3 

829 

880 

855 

1 

534 

681 

608 

3 

2 

783 

673 

728 

3 

708 

670 

689 

Average 

228 

761 
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Table  3 

Measured  values  of  the  interface  adhesions 


Interface 

Material 

Interface  adhesion 

Interface  toughness, 

Interface  fracture  toughness, 

rc(Jm-2) 

Knc  (MPam1/2) 

Anode/substrate 

NiO-SDC/NiO- YSZ 

1.51 

0.51 

Electrolyte/  anode 

SDC/NiO-SDC 

>1.51 

>0.56 

multi-layer  specimens  were  subject  to  residual  stresses  after 
cooling  from  the  ironing  temperature  of  1300  °C.  The  residual 
stresses  of  the  NiO-SDC  and  SDC  layers,  which  were  required 
for  calculating  the  interface  adhesion,  were  measured  using  the 
well-established  plate  deflection  method. 

In  a  specimen  of  a  coating  on  a  substrate,  the  force  con¬ 
tributed  by  the  residual  stress  in  the  coating  causes  the  specimen 
to  bend  if  the  substrate  is  not  very  thick.  The  curvature  of  the 
specimen  caused  by  the  bending  depends  on  the  residual  stress 
and  thickness  of  the  coating,  and  the  elasticity  and  thickness  of 
the  substrate.  The  technique  of  the  residual  stress  measurement 
comprised:  (1)  the  top  SDC  surface  of  a  two-coating  specimen, 
or,  the  top  NiO-SDC  surface  of  the  one-coating  specimen  was 
fixed  to  a  thick  (>5  mm)  metal  plate  using  a  cyanoacrylate-based 
adhesive.  The  metal  plate  prevented  the  specimen  from  bending 
and  acted  as  a  specimen  holder  during  the  following  thinning 
process;  (2)  the  NiO-YSZ  substrate  of  the  specimen  was  thinned 
to  about  0.25  mm  by  precision  grinding;  (3)  the  radius  of  cur¬ 
vature  of  the  ground  substrate  surface  was  measured  using  a 
three-dimensional  surface  imaging  system;  (4)  the  thinned  sam¬ 
ple  was  released  from  the  thick  metal  plate  by  dissolving  the 
adhesive  in  acetone,  then,  the  released  sample’s  new  radius  of 
curvature  measured  as  before;  (5)  the  difference  in  curvature 
before  and  after  releasing  the  sample,  A k,  was  obtained  and  the 
average  residual  stress  value  in  the  coating,  ctq,  is  determined  by 
[19] 


E^hj 

6/ic(l  -  vs) 


(15) 


where  Es ,  hs  and  vs  are  the  Young’s  modulus,  thickness  and  Pois¬ 
son’s  ratio  of  the  substrate,  and  hc  is  the  thickness  of  the  coating. 
When  measuring  the  average  residual  stress  of  the  coatings  in 
the  two-coating  specimen,  hc  is  the  sum  of  the  SDC  layer  and 
the  NiO-SDC  layer.  The  measured  values  are  given  in  Table  2. 


3.6.  Calculation  of  interface  adhesion 

The  toughness  of  the  anode/substrate  interface  was  then  cal¬ 
culated  by  Eqs.  (2)-(14)  using  the  values  listed  in  Tables  1  and  2. 
When  using  Eq.  (11)  to  calculate  the  contact  elastic  modulus, 
Young’s  modulus  and  Poisson’s  ratio  of  diamond,  1141  GPa 
and  0.07  [20],  were  used  for  the  indenter.  The  calculation  gave 
the  radius  of  the  elastic-plastic  boundary  c  =  0.288  mm,  a  value 
less  than  the  radius  of  the  indentation-induced  annular  crack 
R  (refer  to  Table  1).  Therefore,  the  front  of  the  indentation- 
induced  annular  crack  was  at  the  elastic  zone.  Then,  the 
value  of  the  anode/substrate  interface  toughness  rc  =  1 .5 1  J  m~2 


was  determined.  As  mentioned  in  Section  3.3,  because  all 
of  the  indentation-induced  delaminations  occurred  at  the 
anode/substrate  interface  and  none  of  the  delaminations  was  at 
the  electrolyte/anode  interfaces,  which  indicates  that  the  elec¬ 
trolyte/anode  interface  had  better  adhesion  than  that  of  the 
anode/substrate  interface,  the  toughness  of  the  electrolyte/anode 
interface  should  be  greater  than  1 .5 1  J  m-2. 

Since  all  the  indentation-induced  delaminations  (unbuckled 
during  the  indentation,  as  described  in  Section  3.3)  were  due  to 
shearing  (mode  II)  interface  cracking  only  (no  contribution  from 
opening  mode  or  tearing  mode  cracking),  the  interface  fracture 
toughness,  Kuc ,  can  be  given  by  [21] 


l-Vj  1-vj 

Ei  E2 


4  c 


(16) 


where  E  and  v  are  Young’s  moduli  and  Poisson’s  ratios  of  the 
two  adjacent  layers  forming  the  interface  which  have  subscripts 
1  and  2,  and  /3  is  the  second  Dundurs’  parameter  defined  as 

_  1  H  1(1  -  2v2)  -  n 2(1  -  2vQ 

2  im(1  -  v2)  +  ,i2(l  -  vi)  {  } 

with  fi\  =0.5£i/(l  +  vi)  and  fi2  =0.5£'2/(l  +  vf). 

Using  the  two  equations,  the  fracture  toughness  values  of 
the  anode/substrate  interface  and  the  electrolyte/anode  interface 
were  calculated  and  listed  in  Table  3. 

Because  no  quantitative  adhesion  measurement  had  ever  been 
made  on  an  SOFC  according  to  current  publications,  no  adhesion 
data  are  available  for  comparison  against  the  interface  adhe¬ 
sion  measured  in  this  study.  An  interface  between  two  brittle 
layers  usually  has  a  toughness  value  of  less  than  5  J  m~2  [22]. 
Considering  that  the  porous  microstructures  of  the  NiO-YSZ 
substrate  and  the  NiO-SDC  layer  presented  many  flaws  at  the 
NiO-SDC/NiO- Y SZ  interface  which  facilitated  the  development 
of  interface  cracking,  the  measured  value  of  the  interface  tough¬ 
ness  is  reasonable.  Fuel  cell  testing  showed  that  there  was  no 
significant  drop  in  the  power  output  from  such  a  cell  after  12 
thermal  cycles.  The  fuel  cell  testing  result  demonstrated  that 
the  SDC/NiO-SDC  and  NiO-SDC/NiO- YSZ  interfaces  had  suf¬ 
ficient  adhesion  to  ensure  good  fuel  cell  performance  during 
operation. 


4.  Discussion 


In  this  study,  high  load  indentation  using  a  spherically  tipped 
indenter  was  used  to  measure  the  interface  adhesion  of  a  cermet- 
supported,  co-sintered  substrate-anode-electrolyte  half-cell.  The 
same  procedure  can  also  be  used  for  measuring  the  adhesion  of 
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the  cathode-electrolyte  interface  of  the  cermet- supported  SOFC. 
This  method  should  also  be  suitable  for  the  adhesion  measure¬ 
ments  of  other  SOFCs  as  long  as  propagating  macrocracks  do 
not  develop  at  the  substrate  to  rupture  the  specimen  during  the 
indentation.  The  method  is  ideal  for  a  metal- supported  SOFC 
where  the  ductile  metallic  substrate  can  withstand  severe  plas¬ 
tic  deformation  without  rupture.  The  method  can  also  be  used 
for  the  adhesion  measurement  of  an  anode  or  cathode-supported 
SOFC  in  terms  of  a  similar  porous  microstructure  to  the  cermet 
substrate  used  in  this  study. 

The  indentation  method,  however,  might  not  be  applicable 
to  an  electrolyte- supported  SOFC  because  an  SOFC  electrolyte, 
which  is  a  brittle  ceramic  with  a  dense  and  uniform  microstruc¬ 
ture,  is  very  likely  to  rupture  in  the  high  load  indentation.  When 
a  dense  and  uniform  ceramic  is  indented  by  a  hard,  spherically 
tipped  indenter  at  a  high  load,  Hertzian  cone  fracture  is  very 
likely  to  occur  in  the  specimen.  The  Hertzian  cone  fracture 
begins  as  a  surface  ring  crack  outside  the  elastic  contact  and 
then,  at  a  higher  load,  propagates  downward  and  flares  outward 
within  a  modest  tensile  field  into  a  stable,  truncated  cone  con¬ 
figuration  [23].  Therefore,  although  the  high  load  indentation 
method  is  suitable  for  any  SOFC  with  a  porous  support,  it  might 
not  be  applicable  to  an  electrolyte-supported  SOFC. 

5.  Conclusions 

Various  methods  for  measuring  the  adhesion  of  a  ceramic 
coating  to  the  underlying  substrate  were  reviewed.  Among  them, 
high  load  indentation  using  a  hard,  spherically  tipped  indenter  is 
the  most  appropriate  method  for  the  adhesion  measurements  of 
SOFCs.  This  method  should  be  suitable  for  the  adhesion  mea¬ 
surement  of  any  SOFC  with  a  porous  support.  A  measurement 
procedure  and  the  related  calculation  equations  have  been  devel¬ 
oped.  The  measurement  made  on  a  cermet- supported  SOFC  with 
a  doped  ceria  electrolyte  indicated  that  the  minimum  interface 
toughness  and  minimum  interface  fracture  toughness  of  the  cell 
were  1 .5 1  J  m~2  and  0.51  MPa  m1/2 . 
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